Abstract This paper proposes a noncontact thermography technique for fatigue crack evaluation under a cyclic tensile loading. The proposed technique identifies and localizes an invisible fatigue crack without scanning, thus making it possible to instantaneously evaluate an incipient fatigue crack. Based on a thermoelastic theory, a new fatigue crack evaluation algorithm is proposed for the fatigue crack-tip localization. The performance of the proposed algorithm is experimentally validated. To achieve this, the cyclic tensile loading is applied to a dog-bone shape aluminum specimen using a universal testing machine, and the corresponding thermal responses induced by thermoelastic effects are captured by an infrared camera. The test results confirm that the fatigue crack is well identified and localized by comparing with its microscopic images.
Introduction
Fatigue crack detection has become a critical issue in nondestructive evaluation (NDE) community because a fatigue crack may cause catastrophic failure of a structure. The structures under the repetitive loadings are vulnerable to a fatigue crack produced by a stress even less than the fracture limit. Since the incipient fatigue crack is often closed, its invisibility makes it more difficult to detect in early stage. Many researchers have investigated fatigue crack detection using various NDE techniques. Klepka et al. and Quan et al. utilized a nonlinear acoustic method to detect a fatigue crack [1, 2] .
However, acoustical nonlinearity may come from the intrinsic nonlinear properties of a target material and testing equipments, thus leading to false alarms. Moreover, fatigue crack localization and precise quantification using the nonlinear acoustic method are very challenging work. Another widely used NDE technique is eddy current techniques. Peng et al. developed a novel eddy current probe for fatigue crack detection and Liu et al. estimated the location of surface cracks on aircraft tubes by using an eddy current array instrument [3, 4] . Then, magnetic flux also has been used for fatigue crack detection. Tanabe et al. estimated a fatigue crack on a steel specimen by measuring the magnetic flux density around a fatigue cracktip [5, 6] . Although both techniques give reliable results for fatigue crack detection, their working distances are quite limited. Thus, it is hard to apply these techniques to real structures under in-service loading conditions.
In recent years, thermography techniques have been proposed for fatigue crack detection. They have the following advantages compared to other NDE techniques: (1) noncontact, (2) full-field measurement, (3) intuitive damage diagnosis and (4) long working distance.
The thermography technique is classified into "active" and "passive" techniques. The "active thermography" observes thermal changes of a target structure using external actuating sources.
For the crack detection, several active thermography techniques such as 'eddy current thermography', 'laser thermography' and 'vibrothermography' have been proposed and proved their capabilities.
The eddy current thermography produces a current flow on a target surface by the induction effect of coils near the surface and observes the heat blocking by an existing fatigue crack [7] . Cheng et al. studied to detect a surface-breaking crack on a CFRP material used in aircraft and wind turbine blades [8] . Then, the laser thermography utilizes a laser source to generate heat flow and similarly measures the heat blocking effect by a crack. Li et al. showed its capability to evaluate a micro fatigue crack and Schlichting et al. estimated the crack size and depth not only location [9, 10] . Since this laser thermography is capable of an inspection at the long distance, it is potentially valuable approach for real applications. The vibrothermography detects a fatigue crack by capturing the heat generated by friction at crack interface, when the energy of ultrasonic waves causes crack surfaces to rub [11, 12] . Morbidini et al. has examined the capability of the vibrothermography for fatigue crack detection on mild steel and nickel-based superalloy specimens [13] . Recently, the vibrothermographybased automated crack detection algorithm was proposed by Li et al. [14] . Although various active thermography techniques for fatigue crack detection have been successfully proven in structures under static state condition, they are still limited to be applied to in-service structures.
On the other hand, the passive thermography records thermal signals emitted from a structure itself without any external actuating energy [15] . Since it does not need any external actuating source and contact, it has a clear advantage in evaluating a crack under in-service condition of a target structure.
A thermoelastic stress analysis (TSA) has been studied as one of the representative passive techniques [16] [17] [18] . It builds on the 'thermoelasctic effects' which are temperature changes caused by force-induced volume changes [19] . TSA provides stress fields around a crack-tip and predicts the fatigue life by measuring the thermoelastic signals. The thermoelastic effects offer a chance to evaluate a fatigue crack.
In this paper, a new fatigue crack evaluation algorithm based on the thermoelastic images obtained by using an infrared camera is proposed and experimentally validated. The proposed algorithm has following advantages:
(1) intuitive fatigue crack identification with low computational cost, (2) instantaneous and robust crack diagnosis without any baseline data previously obtained from a pristine condition of the structure and (3) precise crack length estimation. This paper is organized as follows. First, the proposed algorithm is explained in section 2. Then, the experimental setup for a fatigue crack evaluation test on a dog-bone shape aluminum plate is described in section 3. Section 4 discusses the performance of the proposed algorithm by comparing the estimated crack length with microscope images.
A Fatigue Crack Evaluation Algorithm
Using Thermoelastic Images
Theoretical Background of the Thermoelastic
Stress Analysis (TSA)
TSA utilizes thermoelastic signals caused by thermoelastic effects that generally occur around the crack-tip region during the cyclic loading to estimate the stress status. The thermoelastic effects state that temperature is changed due to material volume change caused by an external force. A compression force causes a temperature increase, whereas a tensile force produces a temperature decrease. From this effects, the relationship between the thermoelastic signal and the corresponding stress status can be expected and is given by [20] :
where the σ1 and σ2 are the principal stresses and the A and S indicate the calibration factor and the magnitude of the measured thermoelastic signal, respectively. Eq. (1) assures that it's very attractive to use TSA for a fatigue crack evaluation, because stress concentration around a crack-tip can be estimated by simply measuring thermoelastic signals at the target surface.
A Fatigue Crack Evaluation Algorithm
In this subsection, a new fatigue crack evaluation algorithm using the thermoelastic images obtained from a structure under cyclic loading condition is explained. The proposed algorithm aims to localize a crack-tip and precisely estimate the fatigue crack length. Fig. 1 shows the procedure of the fatigue crack evaluation algorithm. The details of each step are as follows:
(1) As shown in the first part of Fig. 1 , the thermal images of an inspection area are captured and stored by an infrared camera. Thermoelastic signal at each pixel of the thermal images in the time domain is processed to acquire the "amplitude image" and the "phase image".
A set of the amplitude of the thermoelastic signal at each pixel produces the "amplitude image" showing how much stress is applied to. Then, the "phase image" represents the amount of the phase shift compared to the input signal which is identical to the loading signal applied to a structure. Progression of the plastic work makes the adiabatic condition no longer hold. In plastic region, it brings about the heat dissipation which leads to the phase shift of the thermoelastic signal compared to the input signal [21] . Depending on how much the plastic work has been progressed, the amount of the phase shift is assigned to each pixel. The phase difference between the input signal and the thermoelastic signal at each pixel produces the "phase image".
(2) Stanley's methodology, which is an experimental observation presenting the relationship between the crack orientation and maximum thermoelastic signals of each line parallel to the crack orientation, is employed as a theoretical basis in this study [22] . It is deduced by the measured thermoelastic signals and the Westergaard's model describing the stress status at the corresponding pixel in the region where the linear elastic relation is achieved between the thermoelastic signal and the stress status. This model is expressed as follows [23] :
where the '∆  ' and '∆  ' are the stress intensity factors (SIFs) for Mode I and Mode II loading respectively, the 'r' is the distance from the crack-tip and the '' is the angle between the crack orientation and the line connecting the corresponding point and the crack-tip. According to the Stanley's observation, for the pure Mode I fatigue loading, the maximum thermoelastic signal at any line parallel to an existing crack occurs at 60 degrees with respect to the crack orientation [22] . In this paper, the loading condition is restricted to a pure Mode I loading by applying uniaxial tensile loads. Under this assumption, the crack propagation direction is perpendicular to the loading axis. Thus, the maximum thermoelastic signals maintain 60 degrees with respect to the crack propagation direction.
The second part of Fig. 1 shows procedures to determine a fatigue crack-tip in y-axis. To utilize the Stanley's observation, first the "maximum amplitude image" is produced by picking up all of the maximum thermoelastic signals at each line perpendicular to the loading axis. The data distribution of the maximum thermoelastic signals of the maximum amplitude image shows the trend that the Stanley stated in his observation. From this result, although the Stanley's observation enables to estimate the crack-tip location in the y-axis intuitively, several factors such as noise components and unreliable judgement of users may produce considerable error. Thus, an optimization process is required to determine more reliable and robust crack-tip location in the y-axis.
As the first step of the optimization process based on the maximum amplitude image, three components are defined: two reference lines and the Stanley's line.
In advance, the first reference line is defined as the parallel line to the loading axis across the maximum point of the maximum amplitude image which is considered as the closest point to the crack-tip by the Eq. (1) and (2) . It divides the inspection area into two regions, i.e. the thermoelasticity region and the crack region. In general, since the applied stress in the thermoelasticity region is larger than that in the crack region, the maximum thermoelastic signals of the maximum amplitude image exist in the thermoelasticity region. Then, the second reference line is drawn at an arbitrary point of the first reference line. The two reference lines are perpendicular to each other and the second reference line is parallel to the crack orientation. At the intersection of the first and second reference line, two straight lines are drawn towards the thermoelasicity region defined by the first reference line. They maintain 60 degrees with respect to the second reference line and are defined as "Stanley's line". During the optimization process, the second reference line and the Stanley's line change their position from the top to bottom position of the first reference line.
On the basis of those three components, now the error function for this optimization process is defined as follows:
where n is the step number of the second reference line, the mi and si are the distance from the first reference line to the maximum thermoelastic signal and the Stanley's line, respectively. The calculated value from the Eq. (3) is the index indicating how well each Stanley's line is correlated with the maximum thermoelastic signal and which is the best Stanley's line with the minimum error.
As the position of the second reference line changes along the first reference line, the error is calculated by the Eq. (3) for each step. When the minimum value is obtained, the y-coordinate of the second reference line is equivalent to that of the crack-tip.
(3) The crack-tip location in the x-axis is determined by the phase analysis. As shown in the third part of Fig. 1 , the phase profile of the second reference line determined at the previous stage is extracted from the phase image. It is divided into three different regions: adiabatic zone, plastic zone and reverse-plastic zone [21] .
For the effective image processing, it is supposed that input signal and the thermoelastic signal of the adiabatic zone are in-phase, which means there is no phase difference in the adiabatic zone. Before the plastic work of the material, whole inspection area is considered achieving the adiabatic condition. However, as the plastic work induced by the external cyclic loading causes heat dissipation leading to the phase shift, the phase difference in the plastic region has positive values. Phase profile shows that, at the very close region to the crack-tip, there exists the reverse-plastic zone where the stress is applied to the opposite direction of the plastic zone. Therefore, the sign of the phase difference is reversed to the negative. After the reverse-plastic zone, the phase profile fluctuates randomly because of the arbitrary radiation from the background light coming through an opening between crack interface. Here, the point where the sign of the phase profile changes from negative to positive is defined as the crack-tip location which is the transient point from the reverse-plastic zone to the random fluctuation.
Through the optimization process of the Stanley's observation and the phase analysis, the crack-tip is identified and localized. The crack-tip location is used to estimate a crack length. A perpendicular line is determined crossing a notch-tip location and a vertical distance between this line and the determined crack-tip location is defined as the estimated crack length.
Experimental Setup
To validate the performance of the proposed fatigue crack evaluation algorithm, a dog-bone shape aluminum plate is prepared which is coated by black paint to increase emissivity and maintain its consistency as shown in Fig. 2(a) . The notch of 5 mm long and 1 mm wide is produced at the center of the plate for the stress concentration at the notch-tip.
For the pure Mode I loading, the universal testing machine (INSTRON, 8801) is used. To achieve a cyclic tensile loading, the minimum and maximum amplitude is set to 1.4 kN and 14 kN. As a loading function, the sine function was used with the frequency 10 Hz until 135,000 cycles.
During the fatigue testing, the thermal images are captured by the infrared camera (InfraTEC, VarioCAM hr) with its spectral range The created micro fatigue crack is observed by a microscope. As shown in Fig. 3 , the crack width are measured at both notch-tip and crack-tip. The average crack width is 43.8 m μ at the notch-tip and 5.3 m at the crack-tip, μ respectively. The estimated crack length by a microscope is 14.55 mm which is used as the reference value to validate the performance of the proposed fatigue crack evaluation algorithm.
Results
In general, two factors are considered as a source of a heat generation around a crack. One is the thermoelastic effect around a crack-tip and the other is the friction between crack interface.
For the pure Mode I loading assumed in this experiment, the thermoelastic effect by the stress concentration at a crack-tip is expected as the major factor of produced heat [12] . During the fatigue testing, the range of the applied load set in the tensile state (from 1.4 kN to 14 kN) assures that the contact area is small enough so that the friction-induced heat is minimized. Therefore, the effect of the frictional heat is ignored and the captured thermal images are analyzed on the basis of TSA under the assumption that the thermoelastic effect is the main component of the produced heat around a crack.
The thermoelastic images acquired right before the end of the fatigue test are processed by the proposed fatigue crack evaluation algorithm so that the crack length at the end of the fatigue testing is precisely estimated without further crack propagation. From the amplitude image in Fig. 4(a) , the thermoelastic effects around the crack-tip region can be observed. According to the thermoelastic theory, it means that the stress concentration happens around the crack-tip region leading to a fatigue crack propagation.
The optimization process is applied to maximum thermoelastic signals of the maximum amplitude image. Along the first reference line, the second reference line and the Stanley's line move and the defined error function calculates the error for each step. Optimization process determines the best Stanley's line and the corresponding second reference line with the minimum error as shown in Fig. 4(b) . The position of the second reference line in the y-axis indicates that of the crack-tip. Fig. 5 shows the determination process of the crack-tip location in the x-axis based on the phase analysis. Fig. 5(a) is the phase image and the dotted line indicates the second reference line with the minimum error determined by the optimization process. In Fig. 5(b) , the phase profile of the dotted line is shown and the adiabatic zone and the reverse-plastic zone can be clearly observed. However, the distinction of the plastic zone is difficult which is supposed to exist between two zones. In fact, the stress concentration in the plastic zone is very little compared to that in the reverse-plastic zone, thus the lack of the thermal resolution of the infrared camera restricts to measure the small amount of thermoelastic signal change. Moreover, the coating layer on the surface of the aluminum plate may disturb the accurate measurement of the thermoelastic signal, thus making it difficult to classify the plastic zone. The crack-tip is located at the end of the reverse-plastic zone where the phase profile changes from negative to positive.
Based on the determined crack-tip location, the fatigue crack length is estimated. At section 2, a vertical distance from a crack-tip location to a perpendicular line crossing a notch-tip location is defined as a crack length and the crack length is estimated by determining the corresponding pixel number. The value of the 'length/pixel' is calculated as 0.45 mm/pixel and the estimated crack length is 14.40 mm.
Conclusion
This paper proposes a fatigue crack evaluation algorithm based on the thermoelastic images. The thermoelastic effects on the surface of a structure is analyzed by employing the Stanley's observation and the phase analysis.
Main advantages of the proposed fatigue crack evaluation algorithm are (1) intuitive fatigue crack identification with low computational cost, (2) instantaneous and robust crack diagnosis without any baseline data previously obtained from a pristine condition of the structure and (3) precise crack length estimation.
The performance validation is attempted by estimating the fatigue crack length created on the dog-bone shape aluminum plate under the cyclic tensile loading until 135,000 cycles. The result is compared with the estimated fatigue crack length by a microscope in Table 1 . The error percentage is 1.03 %, which represents the high detectability and robustness of the proposed fatigue crack evaluation algorithm.
Successful fatigue crack evaluation of the simple plate structure presents the possibility to apply the proposed algorithm to a more complex structure. In the future research, the applicability of the proposed algorithm to structures with additional features and curved surface will be investigated. 
